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ABSTRACT
Characterising the atmospheres of exoplanets is key to understanding their nature and provides hints about their formation and evo-
lution. High resolution measurements of the helium triplet absorption of highly irradiated planets have been recently reported, which
provide a new means of studying their atmospheric escape. In this work we study the escape of the upper atmospheres of HD 189733 b
and GJ 3470 b by analysing high resolution He i triplet absorption measurements and using a 1D hydrodynamic spherically symmet-
ric model coupled with a non-local thermodynamic model for the He i triplet state. We also use the H density derived from Lyα
observations to further constrain their temperatures, mass-loss rates, and H/He ratios. We have significantly improved our knowledge
of the upper atmospheres of these planets. While HD 189733 b has a rather compressed atmosphere and small gas radial velocities,
GJ 3470 b, on the other hand with a gravitational potential ten times smaller, exhibits a very extended atmosphere and large radial
outflow velocities. Hence, although GJ 3470 b is much less irradiated in the X-ray and extreme ultraviolet radiation, and its upper
atmosphere is much cooler, it evaporates at a comparable rate. In particular, we find that the upper atmosphere of HD 189733 b
is compact and hot, with a maximum temperature of 12 400+400
−300 K, with a very low mean molecular mass (H/He=(99.2/0.8)±0.1),
which is almost fully ionised above 1.1 RP, and with a mass-loss rate of (1.1±0.1)× 1011 g s−1. In contrast, the upper atmosphere of
GJ 3470 b is highly extended and relatively cold, with a maximum temperature of 5100±900 K, also with a very low mean molecular
mass (H/He=(98.5/1.5)+1.0
−1.5), which is not strongly ionised, and with a mass-loss rate of (1.9±1.1)× 10
11 g s−1. Furthermore, our re-
sults suggest that upper atmospheres of giant planets undergoing hydrodynamic escape tend to have a very low mean molecular mass
(H/He& 97/3).
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1. Introduction
Observations of atmospheres undergoing hydrodynamic escape
provide critical information about their physical properties and
can also offer important hints about their formation and evolution
(e.g. Baraffe et al. 2004, 2005; Owen & Wu 2013, 2017; Lopez &
Fortney 2013; Muñoz & Schneider 2019). Hydrodynamic atmo-
spheric escape is the most efficient atmospheric process of mass
loss (see e.g. Watson et al. 1981; Yelle 2004; Tian et al. 2005;
García-Muñoz 2007; Salz et al. 2015). This process occurs when
the gas pressure gradient overcomes the gravity of the planet at
some atmospheric altitude, as it is heated via photo-ionisation.
Therefore, the stellar irradiation, mainly X-ray and extreme ul-
traviolet (XUV) radiation, as well as the near-ultraviolet (NUV)
radiation in exoplanets orbiting hot stars (Muñoz & Schneider
2019), triggers hydrodynamic atmospheric escape generating a
strong wind that substantially expands the thermosphere of the
planet and ejects the gas beyond the Roche lobe.
Lyα observations can probe extended atmospheres and pro-
vide important information about the planetary upper atmo-
sphere (Vidal-Madjar et al. 2003). However, Lyα can only be
observed from space. Moreover, geocoronal emission contam-
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ination and interstellar medium absorption dominate the core
of the line, leaving only their wings with potential exoplane-
tary information (see e.g. Vidal-Madjar et al. 2003; Ehrenreich
et al. 2008). Observations of X-ray radiation and ultraviolet lines
from heavy elements (e.g. O i and C ii) in exoplanets undergoing
hydrodynamic atmospheric escape have similar limitations (see
e.g. Vidal-Madjar et al. 2004; Ben-Jaffel & Ballester 2013; Pop-
penhaeger et al. 2013).
Observations of the He i 23S–23P lines1 (hereafter He(23S)
lines) and Hα are not seriously limited by interstellar absorption
(see e.g. Spake et al. 2018; Nortmann et al. 2018; Allart et al.
2018; Mansfield et al. 2018; Allart et al. 2019; Yan & Henning
2018; Casasayas-Barris et al. 2018; Wyttenbach et al. 2020).
Therefore, detailed studies of the absorption line profile are fea-
sible. For instance, Lampón et al. (2020) have recently analysed
the He(23S) absorption in the atmosphere of HD 209458 b and
derived a well-constrained relationship between the mass-loss
rate and temperature, as well as key atmospheric parameters such
as the He(23S) density, the [H]/[H+] transition altitude, and the
XUV absorption effective radii.
In addition, as He(23S) measurements probe different atmo-
spheric altitudes than the H lines, it is possible to reduce the
degeneracy significantly by combining information from both
elements. Indeed, by comparing the hydrogen density profile re-
trieved from Lyα by Salz et al. (2016) with that derived from
He(23S) observations, Lampón et al. (2020) found H/He≈ 98/2
in the upper atmosphere of HD 209458 b, which is significantly
higher than the commonly used value of 90/10 (e.g. Oklopčić &
Hirata 2018; Mansfield et al. 2018; Ninan et al. 2020; Guilluy
et al. 2020). Moreover, by constraining the upper atmospheric
H/He ratio, we can gain important insights on the formation, evo-
lution, and nature of the planet (see, e.g. Hu et al. 2015; Malsky
& Rogers 2020). Therefore, it is important to measure the H/He
ratio in other evaporating atmospheres.
The exoplanets HD 189733 b and GJ 3470 b undergo hydro-
dynamic escape, as was probed by the Lyα and oxygen ob-
servations in HD 189733 b (Lecavelier des Etangs et al. 2010,
2012; Bourrier et al. 2013; Ben-Jaffel & Ballester 2013), and
by Lyα and He(23S) observations for GJ 3470 b (Bourrier et al.
2018; Pallé et al. 2020; Ninan et al. 2020). These planets have
rather different physical properties. Salz et al. (2016) estimated
that HD 189733 b, with a high gravitational potential, has a hot
thermosphere with weak winds, whereas GJ 3470 b, with lower
gravitational potential, has a relatively cool atmosphere with
strong winds. Both exoplanets are also rather different from
HD 209458 b, as they have distinct bulk parameters and are ir-
radiated at different XUV fluxes. To date, He(23S) spectral ab-
sorption has been observed in HD 189733 b by Salz et al. (2018)
and Guilluy et al. (2020), as well as in GJ 3470 b by Pallé et al.
(2020) and Ninan et al. (2020).
In this work we aim to improve the characterisation of
the upper atmospheres of HD 189733 b and GJ 3470 b from
the He(23S) spectral absorption measurements taken with the
high–resolution spectrograph CARMENES 2 (Quirrenbach et al.
2016, 2018) by Salz et al. (2018) and Pallé et al. (2020), re-
spectively. To that end, we applied a 1D hydrodynamic model
with spherical symmetry together with an He(23S) non-local
thermodynamic equilibrium (non-LTE) model to calculate the
1 At wavelengths 10832.06, 10833.22, and 10833.31 Å in the vacuum,
often referred to as their air wavelengths of 10830 Å.
2 Calar Alto high-Resolution search for M dwarfs with Exoearths with
Near-infrared and optical Échelle Spectrographs, at the 3.5 m Calar Alto
Telescope.
He(23S) concentration and gas radial velocity distributions. Sub-
sequently, we used a high-resolution radiative transfer model for
calculating the synthetic spectra as observed by CARMENES
and compared them with the measurements. By exploring a
wide range of input parameters, we derived constraints on the
mass-loss rate, temperature, H/He composition, He(23S) density,
[H]/[H+] transition altitude, and XUV absorption effective radii.
Finally, we compared our H densities with those retrieved from
Lyα measurements in previous studies in order to constrain the
H/He composition.
The paper is organised as follows. Sect. 2 summarises the
He(23S) observations of HD 189733 b and GJ 3470 b; Sect. 3
briefly describes the modelling of the He(23S) density, the gas
radial velocities, and the He(23S) absorption; Sect. 4 shows and
discusses the results obtained; in Sect. 5 we compare tempera-
tures and mass-loss rates with previous works; and in Sect. 6 we
present a summary and our conclusions.
2. Observations of He i triplet absorption of
HD 189733 b and GJ 3470 b
The He(23S) absorption profiles analysed here were observed in
the atmospheres of HD 189733 b and GJ 3470 b by Salz et al.
(2018) and Pallé et al. (2020), respectively, with the high-
resolution spectrograph CARMENES. We briefly summarise
these observations below.
HD 189733 b shows a significant He excess absorption at
mid-transit, with a mean absorption level of 0.88± 0.04%, and
of 0.24±0.12% and 0.46±0.06% for the ingress and egress
phases, respectively. The absorption (in the planetary rest
frame) appears shifted to blue wavelengths by −3.5± 0.4 km s−1
and −12.6± 1.0 km s−1 during the mid-transit and egress, re-
spectively, and it appears shifted to red wavelengths by
6.5± 3.1 km s−1 during the ingress. We caution, however, as Salz
et al. (2018) remarked, that these velocities could be potentially
affected by stellar pseudo-signals. Another important feature is
that the ratio between the absorption in the stronger He(23S)
line, caused by the two unresolved lines centred at 10833.22 and
10833.31 Å, and the weaker one centred at 10832.06 Å (hereafter
He iλ10833/He iλ10832) is 2.8± 0.2, which is much smaller than ex-
pected from optically thin conditions.
GJ 3470 b shows a 1.5± 0.3% He absorption depth at mid-
transit (Pallé et al. 2020). Unfortunately, the individual spec-
tra during ingress or egress do not have a sufficient signal-
to-noise ratio (S/N) to probe for any blue or red shifts. The
mid-transit spectrum appears shifted to blue wavelengths by
−3.2± 1.3 km s−1. The analysis of these absorption profiles is
discussed in Sect. 4.1.
3. Modelling the He i triplet
3.1. Helium triplet density
We calculated the populations of the He(23S) by using the model
described in Lampón et al. (2020). Briefly, we used a 1D hydro-
dynamic model together with a non-LTE model to calculate the
He(23S) density distribution in the substellar direction (the one
that connects the star-planet centres) in the upper atmosphere
of the planets. We assumed that the substellar conditions are a
representative of the whole planetary sphere, so that a spherical
symmetry was adopted. The mass-loss rate derived under this as-
sumption is a valid estimate for the whole atmosphere when di-
vided by a factor of ∼4 to account for the 3D asymmetric stellar
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Table 1. System parameters of HD 189733 and GJ 3470.
Parameter Value Reference
HD 189733
d 19.775± 0.013 pc Gaia DR2(a)
R? 0.805± 0.016 R Boyajian et al. (2015)
M? 0.846 +0.06−0.049 M de Kok et al. (2013)
Teff 4875± 43 K Boyajian et al. (2015)
[Fe/H]? -0.03± 0.05 Bouchy et al. (2005)
a(b) 0.0332± 0.0010 au Agol et al. (2010)
R(c)P 1.23± 0.03 RJup Baluev et al. (2015)
MP 1.162 +0.058−0.039 MJup de Kok et al. (2013)
GJ 3470
d 29.45± 0.05 pc Gaia DR2(a)
R? 0.474± 0.014 R Pallé et al. (2020)
M? 0.476± 0.019 M Pallé et al. (2020)
Teff 3725± 54 K Pallé et al. (2020)
[Fe/H]? +0.420± 0.019 Pallé et al. (2020)
a 0.0348± 0.0014 au Bonfils et al. (2012)
RP 0.36± 0.01 RJup Pallé et al. (2020)
MP 0.036± 0.002 MJup Pallé et al. (2020)
Notes. (a) Gaia Collaboration et al. (2018). (b) From a/R? = 8.863(20) by
Agol et al. (2010) and R? by Boyajian et al. (2015). (c) From RP/R? =
0.15712(40) by Baluev et al. (2015) and R? by Boyajian et al. (2015).
irradiation on the planetary surface (see e.g. Murray-Clay et al.
2009; Stone & Proga 2009; Tripathi et al. 2015; Salz et al. 2016).
The hydrodynamic equations were solved assuming that the
escaping gas has a constant speed of sound, vs =
√
k T (r)/µ(r),
where k is the Boltzmann constant, T (r) is temperature, and µ(r)
is the mean molecular weight. This assumption leads to the same
analytical solution as the isothermal Parker wind solution. How-
ever, the atmosphere is not assumed to be isothermal, but the
temperature varies with altitude in such a way that the T (r)/µ(r)
ratio is constant. That is to say we assume vs =
√
k T0/µ̄ where µ̄
is the average mean molecular weight, calculated in the model,
and T0 is a model input parameter which is very similar to the
maximum of the thermospheric temperature profile calculated
by hydrodynamic models that solve the energy balance equa-
tion (see, e.g. Salz et al. 2016). The temperature ,T0, the mass-
loss rate, Ṁ (of all species considered in the model), and the
H/He mole-fraction ratio (i.e. the composition of the upper at-
mosphere) are input parameters to the model. The physical pa-
rameters of the planets, such as their mass, MP, and size, RP,
introduced in the model, are listed in Table 1.
The model computes the radial distribution of the concen-
trations of the following species: neutral and ionised hydrogen,
H0 and H+, respectively, as well as helium singlet and ionised
helium, He(11S) and He+, and He(23S). In addition, it also cal-
culates the radial velocity of the gas. The production and loss
terms and the corresponding rates are listed in Table 2 of Lam-
pón et al. (2020). They represent a minor extension of those con-
sidered by Oklopčić & Hirata (2018), where two additional pro-
cesses were included: the charge exchange reactions, QHe and
QHe+ , from Koskinen et al. (2013). Other parameters such as the

















































Fig. 1. Upper panel: Emission measure distribution of HD 189733 cal-
culated using the line fluxes measured in the HSLA/COS summed spec-
trum. The 3-T model used to fit XMM-Newton summed EPIC spectra is
also displayed. The thin lines represent the relative contribution func-
tion for each ion (the emissivity function multiplied by the EMD at
each point), following same colour code as in lower panel. The small
numbers indicate the ionisation stages of the species. Lower panel:
Observed-to-predicted line flux ratios for the ion stages in the upper
panel. The dotted lines denote a factor of 2.
H, He(11S), and He(23S) photo-ionisation cross sections were
taken as in Lampón et al. (2020).
In the model we established the lower boundary conditions
where hydrodynamic escape originates. This is usually assumed
to occur at µbar–nbar levels (see, e.g. García-Muñoz 2007;
Koskinen et al. 2013; Salz et al. 2016; Murray-Clay et al. 2009),
although its geometric altitude is uncertain as it depends on the
pressure, temperature, and composition below, which are nor-
mally unknown. In Sects. 4.1.1 and 4.1.3, we discuss the effects
of the lower boundary conditions on the absorption profiles of
these planets. Nominally, we assumed that hydrodynamic es-
cape originates at 1.02 RP (slightly higher than the optical radius)
with a density of 1014 cm−3. The density at the lower boundary
was chosen large enough so that the XUV radiation is fully ab-
sorbed by the atmosphere above, but it is consistent with the val-
ues given by the hydrostatic models below (see, e.g. Salz et al.
2016).
3.2. Stellar fluxes
A further input parameter required by the model is the stel-
lar XUV spectral flux. For HD 189733, a coronal model was
used to obtain the stellar emission in the range of 5–1200 Å.
The model is based on the addition of all the XMM-Newton
observations available to date of this star, between 2007 and
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Fig. 2. Flux density (left y-axis) for HD 189733 (black) and GJ 3470
(orange) at 0.0332 au and 0.0348 au plotted at a resolution of 10 Å, re-
spectively. The H, He singlet, and He triplet ionisation cross sections
(right y-axis) are also shown.
2015 3. The EPIC spectra were combined for a total exposure
time of 461 ks (pn), 822 ks (MOS1), and 896 ks (MOS2). The
coronal 3-Temperature model (log T (K)= 6.44 ± 0.01, 6.88 ±
0.01, 7.3 ± 0.01, log EM(cm−3)= 50.59 ± 0.03, 50.78 ± 0.04,
50.56 ± 0.01, LX = 2.2 × 1028 erg s−1) is complemented with
line fluxes (Table A.1) from the HST/COS FUV spectrum avail-
able from the Hubble Spectral Legacy Archive (HSLA) to ex-
tend the model (Tables A.2 and A.3) towards lower tempera-
tures (log T (K)∼ 4.0−5.9), following Sanz-Forcada et al. (2011).
This model (Fig. 1) is a substantial improvement with respect to
the X-exoplanets model available in Sanz-Forcada et al. (2011).
The modelled spectral energy distribution (SED) fluxes now in-
dicate an EUV luminosity of LEUVH = 1.6 × 1029 erg s−1 and
LEUVHe = 5.1×1028 erg s−1 in the ranges of 100–912 Å and 100-
504 Å, respectively. The SED covers the range of 5–1145 Å, and
it was generated following Sanz-Forcada et al. (2011). The data
include several small flares, which were not removed on purpose,
in order to provide an average model of active and non-active
stages. We, therefore, used the summed HST/COS spectrum in
the range of 1145–1450 Å. The SED calculated using our model
is consistent with the flux level observed in the actual HST ob-
servations of the star in the region of 1145−1200 Å.
XMM-Newton observations of GJ 3470 were used to model
the corona of this star, complemented with HST/STIS spectral
line fluxes, as described in Bourrier et al. (2018). The quality of
the HST/COS spectra was not good enough to fix the UV contin-
uum in the spectral range of 1150–1750 Å, due to poor statistics,
while HST/STIS coverage was limited to 1195–1248 Å only.
Thus, the model SED was also used in this spectral range.
In order to extend the SED of both planets to 2600 Å, we
used the stellar atmospheric model of Castelli & Kurucz (2004)
scaled to the corresponding temperature, surface gravity, and
metallicity (see Table 1). The composite SED for the spectral
range of 5−2600 Å for both planets at their respective orbital
separations are shown in Fig. 2.
3.3. Spectral absorption
With the He(23S) calculations and gas radial velocities from
the model described above, we computed the He(23S) absorp-
tion by using a radiative transfer code for the primary transit
3 Proposals id. 50607, 60097, 67239, 69089, 69229, 74498, 74839.
geometry (Lampón et al. 2020). The spectroscopic data for the
three metastable helium lines were taken from the NIST Atomic
Spectra Database4. Doppler line shapes are assumed at the atmo-
spheric temperature used in the model density, and an additional
broadening produced by turbulent velocities can be included if
necessary (vturb =
√
5kT/3m, where m is the mass of an He atom,
see Eq. 16 in Lampón et al. 2020). The component of the radial
velocity of the gas along the line of sight (LOS) towards the
observer is also included in order to account for the motion of
He(23S) as predicted in the hydrodynamic model. In addition
to the radial velocities, averaged winds (e.g. day-to-night and
super-rotation winds), and planetary rotation (see e.g. Salz et al.
2018; Seidel et al. 2020) can also be included in the radiative
transfer model, as required (see Eq. 15 in Lampón et al. 2020).
In this study, we performed the integration of the He(23S)
absorption up to 10 RP. This is motivated because we found that
the He(23S) distribution of GJ 3470 b is rather extended (see
Sect. 4.3).
3.4. Grid of simulations
Here we have analysed the mid-transit absorption profiles of
HD 189733 b and GJ 3470 b (see Fig. 3) in a similar manner as in
Lampón et al. (2020) for HD 209458 b. Briefly, from this model
and the measured He(23S) absorption, we could not unambigu-
ously determine the mass-loss rate and temperature of the plan-
etary atmosphere as these two quantities are degenerate in most
cases. Thus, for a given H/He composition, we ran the He(23S)
model for a range of temperatures and mass-loss rates and com-
puted the He(23S) absorption. As also shown by Lampón et al.
(2020), the temperatures and mass-loss rates are also degenerate
with respect to the H/He atomic ratio. We broke that degeneracy
by also fitting the H0 density profiles of the model to those de-
rived from Lyα measurements. To that end, we ran several sets
of models for H/He atomic ratios ranging from 90/10, our nomi-
nal case, to 99.9/0.1 and to 99/1 for HD 189733 b and GJ 3470 b,
respectively.
Synthetic spectra from these simulations were compared to
the measured absorption profiles, and the corresponding reduced










where ν = N − 2 is the number of degrees of freedom, N is
the number of fitted spectral points, Trmea,i and Trmod,i are the
measured and calculated transmissions, and σi is the error of the
transmissions (see Fig. 3). For obtaining the uncertainties in the
derived parameters T and Ṁ with this method, we considered
the 95% confidence levels of the χ2 (not the reduced χ2). In ad-
dition, we also explored the posterior probability distribution of
the three model parameters for the grid of model spectra dis-
cussed above by using the Markov chain Monte Carlo (MCMC)
method (Sect. 4.5).
4. Results and discussion
4.1. He I transmission spectra
Our aim is to concentrate on the mid-transit absorption, which
provides information about the main structure of the thermo-
spheric escaping gas, but not to explain all the He(23S) absorp-
4 https://www.nist.gov/pml/atomic-spectra-database.
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Fig. 3. Spectral transmission of the He triplet at mid-transit for HD 189733 b and GJ 3470 b (we note the different y-axis scale). Data points and
their respective error bars are shown in black (adapted from Salz et al. (2018) and Pallé et al. (2020), respectively). Wavelengths are given in
vacuum. The best-fit simulations are shown with red curves. For HD 189733 b, the best fit corresponds to a temperature of 10 000 K, a mass-loss
rate of 109 g s−1 and an H/He mole-fraction of 90/10. For GJ 3470 b, the best fit corresponds to a temperature of 6000 K, Ṁ=3.2× 1010 g s−1 and
an H/He of 90/10. Other models are described in Table 2. The positions of the helium lines are marked by vertical dotted (weak) and dot-dashed
(strong) lines.
Table 2. Models used for the calculation of the absorption shown in Fig. 3.
Model Turbulent LOS components Lower Gas radial
broadeninga boundary layer velocity
HD 189733 b
A No –3.5 km s−1 (100%) Yes This modelb
B Yes –12 km s−1(25%), –3.5 km s−1(47%), 5 km s−1(28%), No This modelb
C Yes –12 km s−1(25%), –3.5 km s−1(47%), 5 km s−1(28%), Yes This modelb
D No –3.5 km s−1 (100%) Yes 40 km s−1 c
GJ 3470 b
E Yes No component Yes No velocities
F Yes –3.2 km s−1 ∀z Yes This model
G Yes No component at z < Rlobe, –5 km s−1 at z > Rlobe Yes This model
Notes. (a) Doppler broadening was included in all models. (b) From the hydrodynamic model of this work. The gas radial velocities for this planet
have negligible effects. (c) As in Seidel et al. (2020).
tion features of those planets, nor their variations along the tran-
sit. In particular, the analysis of the velocity shifts in the He(23S)
absorption is potentially interesting because it would provide in-
formation about the 3D velocity distribution, its origin (e.g. day-
to-night and super-rotation winds, and planet’s rotation), and it
may also break some of the degeneracy between the temperature
and mass-loss rates. However, as our model is spherically sym-
metric, it cannot explain net blue or red shifts and, hence, such
analysis is beyond the scope of this paper. Nevertheless, in order
to obtain the best fit to the mid-transit spectra, we need to assume
some net velocities along the observational LOS superimposed
on the gas radial velocities of our model. Thus, before exploring
the range of temperature and mass-loss rates (see Sect. 4.2), we
first discuss the shape of the mid-transit spectra and the required
additional velocities.
4.1.1. He(23S) absorption of HD 189733 b
According to the observations by Salz et al. (2018), HD 189733 b
shows a significant He excess absorption peaking at mid-transit
(see Fig. 3), which is much stronger than that of HD 209458 b
(see Alonso-Floriano et al. 2019; Lampón et al. 2020). The ab-
sorption profile also exhibits a more pronounced displacement
to bluer wavelengths (−3.5±0.4 km s−1) and it is also signifi-
cantly broader. A similar net blue shift has been observed in
the He(23S) absorption of GJ 3470 b (see below and Pallé et al.
2020). Then, in order to obtain the best possible fit, we incorpo-
rated a net blue shift of −3.5 km s−1 in our simulations.
A further analysis of the spectrum shows that, at typical ther-
mospheric temperatures for this planet, ∼12 000 K (see, e.g. Guo
2011; Salz et al. 2016; Odert et al. 2020), the Doppler broad-
ening is insufficient to explain the width of the absorption pro-
file (see Model A in left panel of Fig. 3). To achieve a similar
width, we would need temperatures much higher than 20 000 K,
which do not seem very realistic. Including a turbulence broad-
ening component (see Sect. 3.3), the profile broadens, but it is
still narrower than the measured absorption. In that calculation
we also included the component of the gas radial velocities of
our model along the observation LOS. However, since the ab-
sorption is confined to the first few thousands of kilometres and
our velocities at these altitudes are rather slow (see left panels
of Figs. 6 and 7), the induced broadening is negligible. Hence,
our hydrodynamic model alone is not able to explain the width
of the absorption profile.
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A likely explanation of the broadening emerges from the in-
spection of the observed shifts of the absorption profile during
the ingress and egress transit phases (Sect. 2, Salz et al. 2018).
These shifts can be produced by a combination of the plan-
etary rotation and strong net winds (probably of day-to-night
and super-rotational winds) (see e.g. Salz et al. 2018; Flowers
et al. 2019; Seidel et al. 2020), at altitudes ∼1–2 RP, where the
He(23S) absorption mainly takes place (see left panel of Fig.6).
In particular, Salz et al. (2018) derived an averaged wind in the
range of −11.6 to −13.6 km s−1 from the blue shift in the egress,
and an averaged wind in the range of 3.4 to 9.6 km s−1 from the
red shift in the ingress. Thus, we fitted the absorption by in-
cluding, in addition to the main atmospheric blue component at
−3.5 km s−1, a blue and a red atmospheric component. By per-
turbing the velocity and fractional contribution of those compo-
nents and minimising the χ2, we found that the absorption pro-
file can be well reproduced by two components at −12 km s−1
and 5 km s−1, covering about 25% and 28% of the disk, respec-
tively (Models B and C in the left panel of Fig.3). We note
that those velocities are very similar to the mean values of the
winds derived by Salz et al. (2018) from the egress and ingress
phases. Also our red-shifted atmospheric fraction agrees very
well, although the blue-shifted fraction is smaller in our case
(mid-transit) than in the egress. These three components are in-
cluded when we analyse the best fit to the spectra, for example
in Model C (see Sect. 4.2).
Our model can also fit the absorption in the weaker He(23S)
line (near 10832 Å) (see Model C in left panel of Fig. 3). This is
due to the assumption of a lower boundary with a high enough
density so that it absorbs all the XUV flux reaching this altitude
(compare Models C, with a boundary condition, and B, with-
out a boundary condition, in that figure). As the strong stellar
radiation reaches the lower boundary of the upper atmosphere
of HD 189733 b (see left panel of Fig. 8), and since the stronger
lines are saturated at low altitudes, the relative absorption of the
stronger lines with respect to the weaker lines decreases.
However, in order to fit the He iλ10833/He iλ10832 ratio, we had
to increase the lower boundary density up to 1018 cm−3, which
agrees with the result of a very compressed annulus suggested by
Salz et al. (2018). At this high concentration, collision processes
become more important, increasing the production of He(23S)
via recombination, because of the increase in He+ by charge-
exchange, and by electron collision (see Table 2 in Lampón et al.
2020). These processes are more important at high temperatures
(see inset in Fig. 6). Overall, the fitting of the He iλ10833/He iλ10832
ratio in this planet requires a very compressed and hot lower
boundary.
It is worth noting that our model reproduces the measured
He iλ10833/He iλ10832 ratio of 2.8 better than the simple annulus
model of Salz et al. (2018), who obtained a value of 4.6. The
key difference is that while the annulus is optically thick to the
stronger lines in all its extension, 1.2 RP, they are only optically
thick at the lower altitudes in our model.
4.1.2. Comparison with previous estimations of gas radial
velocities of HD 189733 b
Seidel et al. (2020) have recently re-analysed observations of
Na in HD 189733 b and have retrieved vertical upward winds,
for example, radial velocity winds, of 40±4 km s−1 at altitudes
above 1 µbar. The region probed by them, however, is limited to
below ∼16 000 km (see their Fig. 8) (1.2 RP referred to the centre
of the planet), that is, the 1 µbar to ∼1 nbar or, approximately,
(5–16)×103 km or (1.06–1.2) RP region. They also suggest that
such high radial velocities could arise from the expanding ther-
mosphere. Our model velocities are much lower than 40 km s−1
(see Fig. 7, left panel); although, they could be affected by the
imposed null velocity at the base of our model at 1.02 RP.
In order to verify if the shape of the measured He(23S) ab-
sorption profile is compatible with the value derived by Seidel
et al., we simulated an absorption profile with the He(23S) den-
sities derived in this work, but by assuming that the atmosphere
is escaping at a constant radial velocity of 40 km s−1 at all alti-
tudes. The He(23S) abundances that fit the absorption (see left
panel of Fig. 6) have a very pronounced peak at the lower alti-
tudes of our model, 1–1.5 RP. Hence, in essence, that is equiva-
lent to imposing a constant 40 km s−1 velocity in that region. In
order to be conservative, we did not include the turbulent com-
ponent of the Doppler broadening in this calculation. The re-
sults show (see Fig. 3, Model D in green) that at such a high
velocity, the He(23S) absorption profile would be much broader
than measured. At those altitudes, (1.06–1.2) RP, the atmosphere
is still dense enough to drag all atoms at a similar radial ve-
locity (Murray-Clay et al. 2009). That is to say the velocities
derived from either He or Na should not differ significantly.
Hence, we conclude that such a high radial (vertical) velocity of
40±4 km s−1 is not compatible with the He(23S) measurements,
but this rather suggests that the gas radial velocities at those alti-
tudes are significantly smaller.
4.1.3. He(23S) absorption of GJ 3470 b
GJ 3470 b shows a significantly larger He excess absorption than
HD 189733 b (we note the different y-axis scale in Fig.3). Also,
the absorption profile of the two stronger lines that are com-
bined near 10833 Å is broader. As for HD 189733 b, we have
included the Doppler and turbulence broadening in the calcula-
tion. This warm Neptune has a weaker gravity that leads to a
much more extended atmosphere which expands at larger veloc-
ities (see right panels of Figs. 6 and 7). In fact, the velocities
are already significant at rather low radii. Thus, in contrast to
HD 189733 b, the component of the gas radial velocity along the
observer LOS produces a significant broadening. We observe in
Fig.3 (right panel) that the models that include the radial ve-
locities (F and G), in contrast to E, explain very well the ob-
served broadening without the need of blue or red components.
We should also note that (not shown in the figure) the turbulent
broadening is negligible compared to the broadening caused by
such high radial velocities, and hence it does not have any sig-
nificant impact on the line width.
As found in HD 189733 b (see above), as well as in
HD 209458 b (Alonso-Floriano et al. 2019), we also observe a
significant blue shift of the whole absorption, estimated to be
−3.2±1.3 km s−1 (Pallé et al. 2020). This is intermediate between
the values measured in those two planets. Unfortunately, we do
not have ingress or egress spectra with a sufficient S/N (as we did
for HD 189733 b) to help us in understanding its origin. A likely
explanation is that it is also produced by day-to-night winds with
velocities along the LOS of −3.2 km s−1 (see model F in Fig. 3).
However, as GJ 3470 b has a very extended atmosphere, with
significant He(23S) absorption beyond the Roche lobe (see left
panel of Fig.6), another plausible interpretation is an upper atmo-
sphere with no significant day-to-night winds below the Roche
radius (3.6 RP, see Table 3) but with the unbound gas above the
Roche lobe blue-shifted by processes, such as stellar wind in-
teractions or stellar radiation pressure (see e.g. Salz et al. 2016).
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Table 3. Planet parameters, the XUV flux, and EW(He(23S)) absorp-
tion.
Planet HD 209458 b HD 189733 b GJ 3470 b










Gravity (gJup) 0.371 0.768 0.278
Φa (ΦJup) 0.504 0.944 0.100
Rlobe (RP)b 4.2 3.0 3.6
FXUVc 2.358 56.74 3.928
EW (mÅ)d 5.3±0.5 12.7±0.4 20.7±1.3
Notes. Planetary mass and radius of HD 209458 b from Torres et al.
(2008). Those of HD 189733 b and GJ 3470 b are taken from Table 1
and included here for easier comparisons. (a) Gravitational potential.
(b) Roche lobe of HD 209458 b, HD 189733 b, and GJ 3470 b by Salz
et al. (2016), Eggleton (1983), and Bourrier et al. (2018), respectively.
(c) XUV flux in units of 103 erg cm−2 s−1 at λ < 912 Å at planetary dis-
tance, calculated from Lampón et al. (2020) for HD 209458 b and from
Fig. 2 for HD 189733 b and GJ 3470 b. (d) Equivalent width (EW) inte-
grated in the range of 10831.0−10834.5 Å.
Model G (red curve in right panel of Fig. 3) shows the absorption
of those simulations assuming that the gas above the Roche lobe
is escaping at an LOS velocity of −5.0 km s−1. This scenario is
consistent with that proposed by Bourrier et al. (2018) to explain
the blue-shifted absorption signature of their Lyα observations.
The absorption of the weaker He(23S) line near 10832 Å is
also significantly broadened, and it is well reproduced within
the estimated error bars. We note though that, in contrast to
HD 189733 b, the stronger lines are not saturated at any radii
and hence the ratio of the strong to the weaker lines is larger in
this planet. Thus, the He(23S) absorption of this planet is rather
insensitive to its lower boundary atmospheric conditions.
4.2. Constraining the temperatures and mass-loss rates by
the χ2 analysis
The T -Ṁ curves dictated by the He(23S) absorption of both
planets show the typical behaviour of a positive correlation (see
Fig. 4). That is to say for a given He(23S) concentration (imposed
by the measured absorption profile), if temperature increases,
the He(23S) concentration decreases and its maximum tends to
move to lower altitudes (with smaller effective absorption areas)
which, in order to be balanced, requires an increase in Ṁ.
Different H/He compositions of the thermospheric gas show
different T–Ṁ curves, as was studied for HD 209458 b by Lam-
pón et al. (2020). For a given mass-loss rate and temperature,
the effect of increasing the H/He ratio results in a decrease in the
global mass density, and the hydrogen and He(23S) concentra-
tions, (see Fig. 13 of Lampón et al. 2020). Then, to compen-
sate for the He(23S) absorption, the mass-loss rate has to be
increased. In summary, for a fixed temperature, the higher the
H/He ratio is, the higher the mass-loss rate required to reproduce
the He(23S) absorption.
In comparing the results of HD 189733 b and GJ 3470 b
(Fig. 4) with those of HD 209458 b (Fig. 8 of Lampón et al.
2020), we can appreciate that the T -Ṁ curves of HD 189733 b
and GJ 3470 b are better constrained. In the case of HD 189733 b,
the reduction of the degeneracy comes from the fitting of the
He iλ10833/He iλ10832 ratio and from the temperature broadening,
principally when including the turbulence.
The minima of χ2R for HD 189733 b are larger at temperatures
below ∼10 000 K and above ∼12 500 K. For lower temperatures,
despite the high density in the lower boundary of this planet,
He(23S) density is too low for fitting the weaker line, similar to
Model B in Fig. 3; while at high temperatures, it is well fitted
(see Sect. 4.1.1). At temperatures above ∼12 500 K, the lines are
too broadened, particularly when including the turbulence, and
then the fitting is worse. It is interesting to look at the T/Ṁ con-
strain when neglecting the turbulence (see Fig. C.1). We see that
the constrain changes significantly, leading in general to larger
temperatures and mass-loss rates although the fit is not so good
(larger minimum χ2).
As the strong line of HD 209458 b and GJ 3470 b is not satu-
rated at any altitude, the He iλ10833/He iλ10832 ratio does not con-
tribute to reduce the model degeneracy for these exoplanets. For
GJ 3470 b, as the broadening of the gas radial velocities is very
large, the effects of the turbulence are negligible.
In the case of GJ 3470 b, the reduction of the degeneracy
comes from the large radial velocities (see right panel of Fig. 7).
As we can see in Fig. 4 (right panel), χ2 is worse at tempera-
tures below about 5400 K and higher than ∼6900 K. At lower
temperatures, the velocities are smaller and the broadening of
the absorption profile narrower. The opposite occurs for higher
temperatures. Thus, radial velocities calculated by the hydro-
dynamic model help to constrain the T -Ṁ curves of GJ 3470 b.
However, HD 209458 b and HD 189733 b do not have such high
radial velocities, so they do not help to reduce the degeneracy in
these exoplanets.
We note that as the T -Ṁ degeneracy of HD 209458 b is not
reduced by fitting the He iλ10833/He iλ10832 ratio nor by the gas
radial velocities, Lampón et al. (2020) reduced it by applying
constraints on the heating efficiencies. This criterion, however,
cannot be used to reduce the degeneracy in HD 189733 b as heat-
ing efficiencies in this exoplanet are rather uncertain because of
the significant radiative cooling (see, e.g. Salz et al. 2015, 2016).
We have found that the mass-loss rates of GJ 3470 b are
much larger than those of HD 189733 b (Fig. 4); they are more
than a factor of 10 for similar temperatures and an H/He ratio
of 90/10. For larger H/He ratios, this difference decreases. Us-
ing the T -Ṁ curve of HD 209458 b as a reference (Lampón et al.
2020, reproduced in Fig. 5), we observe that the corresponding
curves for HD 189733 b and GJ 3470 b are located in opposite
regions, below and above that of HD 209458 b. On the one hand,
the mass-loss rate of HD 189733 b is more than one order of
magnitude smaller than that of HD 209458 b, and it is located
at higher temperatures. The larger XUV flux of HD 189733 b
(see Table 3) favours its larger temperatures. However, its larger
gravity prevents its evaporation, resulting in much lower mass-
loss rates. On the other hand, GJ 3470 b is not only irradiated
in the XUV at higher levels than HD 209458 b (although only
slightly), but it also has a much smaller gravity (see Table 3).
Both factors favour its larger mass-loss rate, although the sec-
ond is by far the most important. Those factors lead to a very
extended atmosphere for GJ 3470 b and a rather compressed
one for HD 189733 b (see Fig. 6); while the He(23S) concen-
tration drops by a factor of 10 in ∼7 RP for GJ 3470 b, it takes
only ∼0.5 RP for HD 189733 b. Likewise, the velocities of at-
mospheric expansion of GJ 3470 b are significantly larger than
those of HD 189733 b (see Fig. 7). It is important to note that
for GJ 3470 b, the velocities are already significant at very small
radii, which, together with the large He(23S) abundances at these
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Fig. 4. Contour maps of the reduced χ2 of the He(23S) absorption for HD 189733 b (left panel) and GJ 3470 b (right panel) for an H/He ratio
of 90/10. We note the different scales of temperatures and Ṁ. Dotted curves represent the best fits with filled circles denoting the constrained
ranges for a confidence level of 95% (see Sect. 3.4). Over-plotted are also the curves and symbols for several H/He ratios, as labelled. The labels
correspond to the hydrogen percentage, e.g. ‘90’ for an H/He of 90/10 and ‘95’ for H/He=95/5 (see Sect. 4.4). The black dots represent the grid of
the simulations.
























Fig. 5. Ranges of temperature and mass-loss rates for HD 209458 b,
HD 189733 b, and GJ 3470 b for H/He ratios of 90/10 and 99.5/0.5,
90/10 and 98/2, as well as 90/10 and 99/1, respectively. Dotted lines
show the ranges explored and symbols correspond to the constrained
ranges (see Sect. 3.4). The values for HD 209458 b were taken from
Lampón et al. (2020). The limited ranges (symbols) for this planet were
obtained from heating efficiency considerations.
distances, contribute to a significant broadening of the absorp-
tion profile (see Sect. 4.1.3).
4.3. He(23S) density profiles and ionisation of the upper
atmosphere
In this section we show the derived He(23S) densities, gas ra-
dial velocities, and the ionisation state of the upper atmospheres
of HD 189733 b and GJ 3470 b. The He(23S) density profiles for
our nominal case of H/He=90/10 are shown in Fig. 6 (the pro-
files for the derived H/He ratios are shown in Fig. B.1). The
densities of HD 189733 b peak at its lower boundary. GJ 3470 b
shows more extended He(23S) density profiles with lower values
at lower altitudes and larger values at higher altitudes. The peaks
of the density profiles for this planet are also well confined to the
range of 1.3–1.5 RP.
The results for the gas radial velocities are shown in Fig. 7 for
the nominal H/He=90/10, and in Fig. B.2 for the derived H/He
ratios. GJ 3470 b is already expanding at large velocities at rather
low altitudes, which is supported by the rather wide observed
absorption profile. Fig. 3 shows (right panel, Model E, orange)
that if these radial velocities are not included, the He(23S) line
profile would be significantly narrower.
The resulting ionisation fronts can be seen in the H+ mole
fractions plotted in Fig. 8 for the nominal and the derived H/He
ratios. The ionisation front of HD 189733 b is closer to the
planet’s lower boundary and narrower than that of GJ 3470 b.
That is, for HD 189733 b, the stellar flux is strongly absorbed in
a narrow altitude interval near the lower boundary, while in the
case of GJ 3470 b, it is absorbed progressively in a wide range of
altitudes at relatively large distances. Nonetheless, the effective
absorption radius, RXUV , the distance where the optical depth
for the XUV radiation is unity (Watson et al. 1981), is 1.02 RP
(i.e. the lower boundary) for HD 189733 b and is in the range
(1.02–1.12) RP for GJ 3470 b. As the planetary XUV cross sec-
tion varies with R2XUV , the stellar radiation energy absorbed by
GJ 3470 b increases due to the hydrodynamic atmospheric es-
cape, while that of HD 189733 b remains constant.
4.4. Constraining the H/He composition by the χ2 analysis
As in Lampón et al. (2020), we constrained the H/He ratio by
matching the H0 abundance profiles imposed by the He(23S)
observations with those derived from Lyα absorption measure-
ments. By constraining the H/He ratio, we also reduced the T -Ṁ
degeneracy (see Fig. 4).
For HD 189733 b, we compared our H0 abundance profiles
to those retrieved by Salz et al. (2016) and Odert et al. (2020)
from Lyα absorption measurements. These authors analysed the
observations of Lecavelier des Etangs et al. (2012) using a 1D
hydrodynamic model and assuming substellar conditions to be
representative of the whole planet. While Salz et al. (2016) re-
port a good fit of the Lyα absorption, Odert et al. slightly overes-
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Fig. 6. He(23S) concentration profiles that best fit the measured absorption; i.e. for the white (HD 189733 b) and dark blue (GJ 3470 b) filled circles
in Fig. 4. We note the different scale of the x-axis. The inset in the left panel shows a zoom at low radii.


















































Fig. 7. Gas radial velocities of the model for the best fits of the He(23S) measured absorption; i.e. for the white (HD 189733 b) and dark blue
(GJ 3470 b) filled circles in Fig. 4. We note the different scale of the x-axis.
timate it. We performed Lyα absorption calculations and found,
in effect, that the profile of Salz et al. (2016) fit the observations
of Lecavelier des Etangs et al. (2012) better. In addition we ob-
tained that the errors in these measurements are well embraced
by the H0 profile of Salz et al. (2016) when scaled by factors of
0.1 and 10 (see upper panels in Fig. 9).
From the analysis of χ2 (i.e. the profiles that fit the measured
He(23S) within the minimum χ2 values, see Sect. 3.4), we found
that the H0 model density profiles for H/He ratios of 90/10, 95/5,
and even for 98/2 (see upper left panel of Fig. 9) are significantly
lower than that of Salz et al. (2016), including their estimated
uncertainties, at all altitudes. Also, for an H/He ratio of 99.9/0.1
and larger values, the H0 Lyα density profile is clearly overes-
timated (upper right panel in Fig. 9). This analysis suggests that
an H/He composition of ∼ 99.5/0.5 is more probable (upper mid-
dle panel in Fig. 9). It is worth mentioning that using the XUV
flux from the X-exoplanets model by Sanz-Forcada et al. (2011),
which is about a factor of 3 smaller than that used here, we ob-
tained a good agreement with an H/He of 98/2. That is to say,
including the effects of several small flares in the stellar model
(see Sect. 3.2), we obtained a more ionised atmosphere and then
a higher H/He.
In the case of GJ 3470 b, Salz et al. (2016) calculated the H0
density for this planet, but they could not verify it because of
the lack of Lyα absorption measurements. More recently, how-
ever, Bourrier et al. (2018) measured the Lyα absorption and
concluded that the Salz et al. model underestimates the H0 den-
sity. As for HD 189733 b, we also performed Lyα absorption cal-
culations and found that the profile of Salz et al. (2016) actually
fit the observations of Bourrier et al. (2018) rather well. Further,
we found that the errors in those observations are covered by
the H0 profile of Salz et al. (2016) when divided by
√
10 and
multiplied by 10 (see lower panels in Fig. 9).
Our χ2 analysis for GJ 3470 b shows that the H0 density pro-
files obtained with H/He ratios of 90/10 and 95/5 are signif-
icantly lower than those of Salz et al. (2018) at all altitudes
(bottom left panel in Fig. 9). They agree rather well, however,
within the estimated uncertainties, for H/He ratios of 98/2 and
99/1 (bottom middle panel in Fig. 9). For H/He ratios larger than
99.5/0.5, most of the H0 density profiles that fit the He(23S)
absorption fall outside the estimated uncertainties of the H0
Lyα profile and hence are rather unlikely (bottom right panel
in Fig. 9).
4.5. MCMC analysis
In order to investigate the posterior probability distribution of
model parameters for the described grid of models in Sec-
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Fig. 8. H+ mole fraction profiles resulting from the fit of the measured absorption (filled circles in Fig. 4) for H/He=90/10 and 99.5/0.5 for
HD 189733 b (left panel) and 90/10 and 99/1 for GJ 3470 b (right panel). We note the different x-axis range. The solid thicker lines are the mean
profiles.
























































































































Fig. 9. Range of the neutral hydrogen concentration profiles (in grey shade areas) resulting from the fit of the measured absorption (filled circles
in Fig. 4) for HD 189733 b (upper panels), GJ 3470 b (lower panels), and several H/He ratios, as labelled. The solid thicker curves are the mean
profiles. The H0 density derived from Lyα measurements for HD 189733 b and GJ 3470 b by Salz et al. (2016) and our estimated uncertainties
(×10 and /10 for HD 189733 b, as well as ×10 and /
√
10 for GJ 3470 b) are also shown (diamonds and hatched areas in magenta). The red profile
is the H0 density derived by Odert et al. (2020) from their SF11 model for HD 189733 b.
tion 3.4, and to determine if the simultaneous MCMC fit con-
strains the parameters further by sampling the parameter-space
effectively, we used a python implementation of emcee (Good-
man & Weare 2010; Foreman-Mackey et al. 2013), called MCKM.
The MCKM handles any arbitrary number of model parameters
over regular (Cartesian) or irregularly spaced parameters, as well
as any arbitrary number of data points and their respective co-
variance matrices.
We simultaneously fitted the observed He spectra and the
H0 density derived from Lyα observations to constrain the tem-
peratures, mass-loss rates, and H/He ratios of HD 189733 b and
GJ 3470 b (see Fig. 10). We initialised 1000 walkers with uni-
form priors and with their range being the same as in the χ2
method to avoid differences between the two methods from dif-
ferent priors. Overall, the best models are consistent with the ob-
servations and no systematic residual is noticeable, except for the
H0 density in the case of GJ 3470 b, where our models underes-
timate the density at low altitudes, R<2 RP. This could be due to
the fact that we fitted global H0 density profiles (i.e. not at indi-
vidual altitudes) and all of our modelled H0 profiles are system-
atically smaller than the profile of Salz et al. (2016) at R<2 RP.
Further, because of the extended atmosphere of this planet, the
atmospheric absorption at small radii is comparatively small and
therefore has a weaker weight in the fitting of the whole atmo-
sphere. Thus, both facts together could explain the underestima-
tion.
Figure 11 shows the corner plot of the retrieved thermo-
spheric parameters of HD 189733 b (red) and GJ 3470 b (blue).
From this analysis, we find that the effective temperature,
mass-loss rate, and H/He of HD 189733 b are T=12 400+400
−300 K,
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Fig. 10. Bayesian inference of upper thermospheric conditions for HD 189733 b and GJ 3470 b. (a) Comparison of the best-fit model spectra
(blue shaded area) and of the measured He triplet line for HD 189733 b (red data points). (b) Residual of the fitted models for HD 189733 b. The
dotted horizontal lines mark 3-σ. (c) Comparison of the best-fit model H0 density (shaded blue area) and of the estimated H0 density from Lyα
measurements for HD 189733 b (red data points). For the models, the blue area corresponds to the region of the posteriors between the 16 and 84%
quantiles. (d), (e), and (f) are similar to (a), (b), and (c), but for GJ 3470 b.
Ṁ = (1.1±0.1)× 1011 g s−1, and H/He = (99.2/0.8)±0.1, respec-




11 g s−1, and H/He=(97.1/2.9)+0.5
−1.6.
4.6. Retrieved temperatures, mass-loss rates, and H/He
composition
The results obtained by both the χ2 and the MCMC analysis
are generally consistent. That is particularly clear in the case of
HD 189733 b, for which the best fit of the H/He ratio derived
from χ2 is very close to 99.5/0.5 and from the MCMC method
we obtained H/He = (99.2/0.8)±0.1. The small uncertainty de-
rived from the MCMC analysis is remarkable. Generally, one
would expect a larger uncertainty range from the MCMC anal-
ysis than from the χ2 method, as the parameter space explored
is wider. As explained above, a possible reason for the narrow
MCMC posteriors might be that the MCMC fits the density pro-
file at higher altitudes, but χ2 is fit at lower altitudes, particu-
larly in the case of GJ 3470 b. The total number of data points
at higher altitudes are more than that of the lower altitudes and
hence a narrower posterior from such fit is not unexpected. The
χ2 analysis suggests that they might be underestimated. Over-
all, as the most likely H/He ratio derived from both methods are
very similar, we adopt the MCMC results of T=12 400+400
−300 K,
that is, with an uncertainty of about 400 K; a mass-loss rate of
Ṁ = (1.1±0.1)× 1011 g s−1, which is very well constrained (see
the almost flat T/Ṁ curves for high H/He ratios in left panel
of Fig. 4), and an H/He = (99.2/0.8)±0.1, with possibly slightly
larger uncertainties.
For GJ 3470 b, we have seen above that the MCMC analy-
sis systematically underestimates the H0 density at low altitudes.
This could be the reason of the significantly smaller derived
H/He ratio by this method, H/He=(97.1/2.9)+0.5
−1.6, than that sug-
gested by the χ2 analysis of 99/1 (in the range of 98/2–99.5/0.5;
bottom panels in Fig. 9). The general trend is to obtain larger
H0 densities for larger H/He ratios. The H/He ratio has a rather
important impact on the mass-loss rate of this planet, as well as
on the temperature (see the rather steep T/Ṁ curves in the right
panel of Fig. 4). Hence, the derived H/He has a significant impact
on the resulting temperature and mass-loss rate ranges. Given the
systematic underestimation of the H0 density by MCMC, we are
more inclined to adopt the H/He values and uncertainties derived
from the χ2 method, which also embraces the high probability
peak value at H/He=97 of MCMC (see Fig. 11). Thus, we con-
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Fig. 11. Posterior probability distribution of our grid of models with
respect to each of their parameter pairs as well as the marginalised
distribution for each parameter for HD 189733 b (red) and GJ 3470 b
(blue). The marginalised uncertainties are given as 16% to 84% quan-
tiles. In the density maps, 1- and 2-σ are given as 1-e−0.5∼0.393 and
1-e−2.0∼0.865, respectively, as are common for multivariate MCMC re-
sults.
clude with a T = 5100±900 K, an Ṁ = (1.9±1.1)×1011 g s−1, and
an H/He=(98.5/1.5)+1.0
−1.5 for GJ 3470 b.
It is interesting to note that of the three exoplanets undergo-
ing hydrodynamic escape which have been analysed thus from
their He(23S) and Lyα observations (HD 209458 b by Lampón
et al. (2020), and HD 189733 b and GJ 3470 b in this work), all
show higher H/He ratios than the widely assumed 90/10, despite
having rather different bulk parameters. Hence, this work sug-
gests that an enrichment of H over He seems to be common in
the upper atmospheres of giant exoplanets undergoing hydrody-
namic escape.
One possibility to explain our results is that the escape of
these atmospheres originates above the homopause, where, due
to diffusive separation, the atmosphere is enriched in H over the
heavier He atoms (see, e.g. Fig. 14 in Moses et al. 2005). Our
results, however, could also be consistent with an origin of the
escape near the homopause, at least for GJ 3470 b, as Hu et al.
(2015) have shown that such enrichment is possible in Neptune
and sub-Neptune exoplanets if the H mass-loss rate is compa-
rable to its diffusion-limited mass-loss rate. This escape of H-
enriched gas can lead, in the case of Neptune and sub-Neptunes,
to an He and metal enrichment in the lower atmosphere with
further consequences on their composition (e.g. abundances of
carbon and oxygen-bearing species) (Hu et al. 2015; Malsky &
Rogers 2020). Furthermore, according to these authors, it may
even change the mass-radius relationship of the planet. In addi-
tion, our results are consistent with the depletion of atmospheric
He by other processes as well, for example, with the formation of
an H–He immiscibility layer in the interior of giant planets, as it
produces He sequestration from the upper atmosphere (Salpeter
1973; Stevenson 1975, 1980; Wilson & Militzer 2010). This re-
sult also suggests that the H/He ratio might play a more impor-
tant role than expected in the detectability of He(23S). In addi-
tion to the spectral shape and intensity of the XUV stellar irra-
diation (see, e.g. Oklopčić 2019), high H/He ratios could help to
explain the non-detection of the He(23S) in some highly irradi-
ated exoplanets, such as GJ 1214 b and GJ 9827 d (as suggested
by Kasper et al. 2020) as well as K2-100b (Gaidos et al. 2020).
5. Comparison of temperatures and mass-loss
rates with previous works
5.1. HD 189733 b
Guilluy et al. (2020) observed the He(23S) absorption with
the GIANO-B high-resolution spectrograph at the Telescopio
Nazionale Galileo. They measured an He(23S) mid-transit ab-
sorption of 0.75±0.03%, slightly lower than the 0.88±0.04% by
Salz et al. (2018); this was possibly due to the lower resolving
power of GIANO-B with R ≈50 000 compared to CARMENES
with R≈80 400, as argued by Guilluy et al. (2020). These au-
thors analysed their measurements with a 1D hydrodynamic
isothermal Parker wind model (Parker 1958) for the thermo-
sphere, and with a 3D particle model (Bourrier & Lecave-
lier des Etangs 2013) above 1.2 RP, the altitude where they es-
timated the gas becomes non-collisional. We applied a hydrody-
namic model for the whole upper atmosphere because, as shown
in our calculations, the altitude where the gas becomes non-
collisional occurs far beyond the Roche lobe (in agreement with
Salz et al. 2016; Odert et al. 2020). They estimated a T–Ṁ rela-
tionship that favoured a thermosphere with a T ≈12 000 K and
an He(23S) density of 70 atoms cm−3 at 1.2 RP assuming solar-
like H/He composition. Despite the different modelling and as-
sumptions between the two analyses, our derived He(23S) dis-
tribution for the case of H/He = 90/10 and T= 12 000 K (see
Fig. 6) agrees well with their He(23S) density at 1.2 RP. How-
ever, as we have shown in Sect. 4.6, our comparison with the
Lyα measurements suggests an H/He composition of ∼99.2/0.8,
which leads to a higher mass-loss rate, Ṁ ≈10×1010 g s−1(instead
of Ṁ = 0.4×1010 g s−1 for H/He=90/10), for T= 12 000 K (see
Fig. 4).
Salz et al. (2016) simulated the upper atmosphere of
HD 189733 b assuming that it is composed by ∼90/10 of
H/He, and using an incident FXUV ≈ 2.09×104 erg cm−2 s−1.
They used a comprehensive 1D hydrodynamic model and fit-
ted the Lyα measurements of Lecavelier des Etangs et al.
(2012). The resulting maximum temperature was 11 800 K and
the mass-loss rate was Ṁ ≈1.7×1010 g s−1. For the same H/He
composition, mass-loss rate, and maximum temperature, we
overestimated the measured He(23S) absorption. Our results,
Ṁ=(1.1±0.1)× 1011 g s−1and T=12 400+400
−300 K, show that our
mass-loss rate range is larger by a factor of ∼6.3 than that of Salz
et al., while the maximum temperature is in good agreement. We
note, however, that our stellar flux (see Table 3) is larger by a
factor of 3 than that used by Salz et al., and our derived H/He
composition is ≈ 99.2/0.8.
Odert et al. (2020) modelled the upper atmosphere of
HD 189733 by also using a hydrodynamic approach for fit-
ting the Lyα measurements of Lecavelier des Etangs et al.
(2012). They assumed a thermosphere composed of H only
and irradiated by FXUV ≈ 1.8×104 erg cm−2 s−1. They obtained
a maximum temperature of 11 000 K and a mass-loss rate
of 5.4×1010 g s−1. We can see that our mass-loss rate range,
Ṁ=(1.1±0.1)× 1011 g s−1, is larger by a factor of ∼2; our de-
rived H/He composition is ≈ 99.2/0.8, which is close to the H-
only composition assumed by Odert et al.; and our temperature
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range, T=12 400+400
−300 K, is slightly larger than that obtained by
Odert et al. Therefore, considering that our FXUV is larger by a
factor of 3, our results are in good agreement with those of Odert
et al.
Overall, we obtain similar mass-loss rates as Guilluy et al.
(2020), when considering only the He(23S) absorption, but larger
rates by a factor of ∼ 25 when also considering the Lyα absorp-
tion. Salz et al. (2016) and Odert et al. (2020) derived mass-loss
rates from Lyα measurements only. Our evaporation rates (con-
strained by both He(23S) and Lyα measurements) are larger (by
a factor ∼6.3) than those of Salz et al., who assumed an H/He
composition of ∼ 90/10; however, they are in good agreement
(slightly larger by a factor of ∼2) with those of Odert et al., who
assumed an H-only atmosphere.
5.2. GJ 3470 b
Ninan et al. (2020) observed the He(23S) absorption with the
Habitable Zone Planet Finder near-infrared spectrograph (HPF),
on the 10 m Hobby–Eberly Telescope at the McDonald Obser-
vatory. They measured an equivalent width of the He(23S) mid-
transit absorption of 0.012±0.002 Å, which is lower than that
calculated here of 0.0207 Å from the observations of Pallé et al.
(2020). We note that differences could come from the different
resolution power, as HPF has R≈ 55 000, or from the different
spectral integration interval (we include the absorption of the
weak line, i.e. from 10831.0 to 10834.5 Å). They found that the
model by Salz et al. (2016) overestimates their He(23S) mea-
surements for this exoplanet, which agrees with our results.
Bourrier et al. (2018) modelled the upper atmosphere of
GJ 3470 b with a parametrised thermosphere and a 3D particle
model for non-collisional altitudes, assuming a thermospheric
solar-like composition of H and He and a temperature of 7 000 K.
They fitted their Lyα observations obtaining an H0 mass-loss rate
of ≈1.5×1010 g s−1. Our derived total (i.e. all neutral, ionised,
and excited species) mass-loss rate is Ṁ=(1.9±1.1)×1011 g s−1,
which agrees with the lower limit imposed by their H0 mass-loss
rate.
Salz et al. (2016) modelled the upper atmosphere
of GJ 3470 b with a comprehensive hydrodynamic model.
For an H/He composition of ∼ 90/10 and a FXUV ≈
7.8×103 erg cm−2 s−1, they estimated a Ṁ ≈ 1.9×1011 g s−1 and
a maximum thermospheric temperature of ≈8600 K. For the
same H/He composition, mass-loss rate, and maximum temper-
ature, we overestimated the He(23S) absorption, which agrees
with Ninan et al. (2020). Our results, Ṁ=(1.9±1.1)×1011 g s−1,
T=5100±900 K, and H/He=(98.5/1.5)+1.0
−1.5, show that our mass-
loss rates agree with those derived by Salz et al., although the
temperature range is lower. We note, however, that our FXUV is
about a factor of 2 lower (see Table 3).
Overall, by using the same solar H/He ratio, mass-loss rate,
and temperature as Salz et al. (2016), we overestimated the
He(23S) measurements of CARMENES, which agrees with the
analysis of Ninan et al. (2020) from their HPF measurements.
Our mass-loss rates, constrained by He(23S) and Lyα obser-
vations, agree with those of Salz et al., but for a higher H/He
composition (98.5/1.5)+1.0
−1.5. Also, our results agree with the lower
limit of the mass-loss rate derived by Bourrier et al. (2018) from
their Lyα measurements.
6. Summary
In this work we have studied the hydrodynamic atmospheric
escape of the hot Jupiter HD 189733 b and the warm Neptune
GJ 3470 b by analysing the mid-transit He(23S) absorption mea-
surements observed with CARMENES (Salz et al. 2018; Pallé
et al. 2020). We used a 1D hydrodynamic model with spheri-
cal symmetry (assuming substellar conditions apply to the whole
planetary surface) and a non-LTE model for computing the pop-
ulation of He(23S). As a further constraint, we also used the neu-
tral hydrogen density derived from Lyα measurements in previ-
ous studies.
The analysis of HD 189733 b shows that the lower bound-
ary conditions are very important in explaining the anomalously
large absorption in the weaker He(23S) line, which is caused by
the hot and rather compressed upper atmosphere of this planet.
It is worth mentioning that the absorption ratio of the weaker to
stronger He(23S) lines helps in constraining the mass-loss rate
and lower boundary conditions of its atmosphere. Thus, spectro-
graphs with sufficient resolution for discriminating the weak and
strong lines provide further information about the evaporating
planets.
The radial velocities of our hydrodynamic model for
HD 189733 b are too low to explain the broad absorption pro-
file of this planet. In order to fit it, we need to incorporate blue-
shifted components at −3.5 km s−1 and –11.5 km s−1 covering
nearly half and a quarter of the atmosphere’s terminator, respec-
tively, as well as a red component at 5.5 km s−1 with 28% of the
terminator coverage. We also found that a thermospheric con-
stant radial velocity of 40 km s−1, as derived by Seidel et al.
(2020), substantially overestimates the width of the He(23S)
lines, suggesting that such a large velocity is unlikely.
In the case of GJ 3470 b, however, with a lower gravitational
potential, our hydrodynamic model predicts gas radial veloci-
ties large enough to explain the width of the He(23S) absorption
profile very well. This, in fact, helps in constraining its mass-
loss rate and temperature. Furthermore, the measured absorption
profile exhibits a net blue shift at −3.2 km s−1, which we can be
explained either by a net blue wind of the whole atmosphere at
that velocity or by a combined atmosphere with a null blue shift
below the Roche lobe and expanding at −5 km s−1 above.
These two planets have a similar He(23S) absorption, but
rather different bulk parameters (see Table 3). In particular, the
gravitational potential of HD 189733 b is near a factor of 10
larger and GJ 3470 b is irradiated in the XUV at about a factor of
14 smaller. In consequence, the characteristics of their upper at-
mospheres also differ significantly. Thus, while HD 189733 b has
a rather compressed and warm atmosphere (12 400+400
−300 K) with
small gas radial velocities, GJ 3470 b exhibits a very extended
and cooler (5100±900 K) atmosphere with large radial veloci-
ties. Also, while the upper atmosphere of HD 189733 b is almost
fully ionised beyond ≈1.1RP, GJ 3470 b exhibits a very wide ion-
isation front (from ∼1.25 RP to far beyond its Roche lobe). Over-
all, the gravitational potential and the irradiation balance result
in comparable mass-loss rates, Ṁ=(1.1±0.1)× 1011 g s−1 versus
Ṁ=(1.9±1.1)× 1011 g s−1 for HD 189733 b and GJ 3470 b, re-
spectively. The very different characteristics of these objects
make them very suitable archetypes for benchmark studies on
atmospheric loss.
We have further found that both planets have upper atmo-
spheres with very low mean molecular masses (H/He=97/3–
99.5/0.5). It is remarkable that the three exoplanets with evap-
orating atmospheres that have been studied so far by using both
He(23S) and Lyα observations (HD 209458 b, HD 189733 b, and
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GJ 3470 b) all show higher H/He ratios than the commonly as-
sumed 90/10, despite having very different bulk parameters. This
H-enrichment of the upper atmospheres could be explained, on
the one hand, by the escape originating above the homopause,
where the atmosphere is expected to be depleted in He by dif-
fusive separation. Another possibility, particularly in the case of
the warm Neptune GJ 3470 b, is that the escape originates from
deeper altitudes, around the homopause, according to the predic-
tion of Hu et al. (2015) of an H-enriched upper atmosphere for
Neptune and sub-Neptunes undergoing hydrodynamic escape.
They further predict that it could lead to an He-enrichment of the
lower atmosphere, with important consequences on their atmo-
spheric composition (abundances of carbon and oxygen-bearing
species) and even on their mass-radius relationship. Our results
also suggest that the H/He ratio might play a more important
role than expected in the detectability of He(23S). The confir-
mation of this important result definitely calls for the study of
other escaping atmospheres with concomitant He(23S) and Lyα
measurements and for performing an independent analysis.
Here, we have analysed the He(23S) mid-transit absorp-
tion spectra of HD 189733 b and GJ 3470 b with a 1D spher-
ical model. However, comprehensive multi-fluid magneto-
hydrodynamic 3D models are needed to provide more detailed
information about the spatial and velocity distribution of the gas,
the origin of the non-radial winds, and the influence of other pro-
cesses (e.g. stellar wind, radiation pressure, or magnetic field in-
teractions). In particular, the analysis of the ingress and egress
spectra of these planets would be very valuable.
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Appendix A: Data for calculating the stellar flux of
HD 189733.
Data used in the modelling of the stellar flux of HD 189733 in
Sect. 3.2. The spectrum was downloaded from the Hubble Spec-
tral Legacy Archive (HSLA); a sum of 42 HD 189733 spec-
tra were acquired with the COS/G130M grating. The expo-
sures were taken in 2009, 2013, and 2017 (proposals IDs 11673,
12984, and 14767).
Table A.1. HST/COS line fluxes of HD 189733a.
Ion λmodel log Tmax Fobs S/N Ratio Blends
Ne v 1145.5959 5.5 7.09e-17 4.5 -0.02
Si iii 1206.5019 4.9 1.10e-14 39.9 -0.75
O v 1218.3440 5.5 2.19e-15 39.8 0.21
N v 1238.8218 5.4 3.32e-15 25.9 0.05
N v 1242.8042 5.4 1.58e-15 17.6 0.03
S ii 1253.8130 4.6 1.56e-16 9.6 0.03
S ii 1259.5210 4.6 2.70e-16 11.7 0.04
Si ii 1260.4240 4.6 5.00e-16 15.2 -0.78
Si ii 1264.7400 4.5 1.95e-15 18.5 0.12 Si ii1265.0040
Si iii 1296.7280 4.9 1.13e-16 6.6 0.07
Si iii 1298.9480 4.9 4.36e-16 7.4 0.37 Si iii1298.8940
Si iii 1303.3250 4.9 1.36e-16 7.9 0.06
Si ii 1309.2770 4.6 6.49e-16 11.0 0.02
C ii 1323.9080 4.8 9.90e-17 5.9 -0.40 C ii1323.9540
C ii 1334.5350 4.7 8.96e-15 33.6 -0.31
C ii 1335.7100 4.7 1.72e-14 42.8 0.16 C ii1335.6650
Fe iii 1364.2950 4.6 1.53e-16 9.8 0.01
O v 1371.2960 5.5 2.96e-16 11.2 -0.02
Si iv 1393.7552 5.0 6.91e-15 25.8 -0.02
O iv 1401.1570 5.3 4.52e-16 10.8 -0.75
Si iv 1402.7704 5.0 3.55e-15 20.1 -0.01
S iv 1406.0160 5.1 6.40e-17 5.8 -0.48
a Line fluxes (in erg cm−2 s−1) measured in HST/COS HD 189733 spec-
tra. log Tmax (K) indicates the maximum temperature of formation of
the line (unweighted by the EMD). ‘Ratio’ is the log(Fobs/Fpred) of the
line. Blends amounting to more than 5% of the total flux for each line
are indicated.
Table A.2. Emission measure distribution of HD 189733.
log T (K) EM (cm−3)a log T (K) EM (cm−3)
4.0 51.40: 5.0 50.00+0.10
−0.40
4.1 51.25: 5.1 49.90+0.10
−0.40
























Notes. (a) Emission measure (EM=log
∫
NeNHdV), where Ne and NH
are electron and hydrogen densities, in cm−3. Errors provided are not
independent between the different temperatures, as explained in Sanz-
Forcada et al. (2003).
Table A.3. Transition region abundances of HD 189733 (solar unitsa ).
FIP Solar photosphere HD 189733
X (eV) Ref.a (AG89) [X/H]
Si 8.15 7.51 (7.56) -0.57±0.15
Feb 7.87 7.50 (7.67) -0.34
S 10.36 7.12 (7.21) -1.22±0.24
C 11.26 8.43 (8.56) -0.87±0.29
O 13.61 8.69 (8.93) -0.86±0.31
N 14.53 7.83 (8.05) -0.58±0.07
Ne 21.56 7.93 (8.09) -0.95±0.23
Notes. (a) Solar photospheric abundances from Asplund et al. (2009),
adopted in this table, are expressed on a logarithmic scale. Several val-
ues have been updated in the literature since Anders & Grevesse (1989,
AG89) and they have also been listed for easier comparison. (b) Fe abun-
dance fixed to the coronal value (resulting from the fit of XMM-Newton
EPIC data).
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Appendix B: Results for the derived H/He
compositions
He(23S) density profiles and gas radial velocities for the derived
H/He ratios of HD 189733 b and GJ 3470 b.



















































Fig. B.1. He(23S) concentration profiles that best fit the measured ab-
sorption (i.e. the filled circles in Fig. 4) for HD 189733 b and an H/He
ratio of 99.5/0.5 (upper panel), as well as for GJ 3470 b and H/He=99/1
(lower panel).
Appendix C: Results for neglecting the broadening
turbulence
Results for the T -Ṁ map for HD 189733 b when the turbulence
broadening is not considered.

















































Fig. B.2. Gas radial velocities of the hydrodynamic model for the best
fit of the measured absorption (i.e. the filled circles in Fig. 4) for
HD 189733 b and an H/He ratio of 99.5/0.5 (upper panel), as well as
for GJ 3470 b and H/He=99/1 (lower panel).


























Fig. C.1. Contour maps of the reduced χ2 of the model of the helium
triplet absorption for HD 189733 b for several H/He ratios (as in Fig. 4,
left panel) when the turbulence broadening is not considered. The filled
circles highlight the best fits (constrained ranges). The black dots rep-
resent the grid of the models.
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